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The operation of visible-sensitive gaseous- and, to some extent, vacuum-photomultipliers is crit-
ically affected by secondary electrons originating from ion impact on the photocathode. A simple
method for indirect measurement of the effective ion-induced secondary-electron emission (IISEE)
coefficient from the photocathode into a gas medium, γeff+ was developed. The experimental results
with visible-sensitive K-Cs-Sb, Na-K-Sb and Cs-Sb photocathodes, yielded γeff+ - values between
0.02 and 0.03 in Ar/CH4 (95/5) at 700 mbar; these are in good agreement with theoretical calcu-
lations. The corresponding vacuum IISEE coefficients, γ+, were estimated, based on a theoretical
model, to be 0.47, 0.49 and 0.47 for K-Cs-Sb, Na-K-Sb and Cs-Sb photocathodes, respectively.
The ratio of gas γeff+ and vacuum γ+ IISEE coefficients, calculated to be ∼0.06, is the fraction of
secondary electrons surmounted the backscattering in the gas media.
PACS numbers: 29.40.Gx, 29.40.Ka, 29.40.Cs, 85.60.Gz, 85.60.Ha
I. INTRODUCTION
The introduction of large-area position-sensitive pho-
ton detectors with single-photon sensitivity in the visible
spectral range would lead to a significant progress in mea-
suring light in numerous fields, such as particle-physics
and astrophysics. At present, most commonly-used de-
vices are vacuum photomultipliers (PMTs), with rather
limited detection area and with bulky geometry due to
mechanical constrains on the glass vacuum envelop. A
possible reform could be the use of gas-filled photomul-
tipliers (GPMs) operating at atmospheric pressure [1].
They are expected to have large detection area, com-
pact flat geometry, sub-mm 2D spatial resolution and
fast (ns-scale) response. Efforts to realize this approach
have been ongoing for almost 2 decades, gradually over-
coming basic and technological obstacles related to the
chemical and physical fragility of the photocathodes and
their vulnerability to secondary processes [2, 3, 4]. One
of the most critical impediments is the gas-avalanche
Ion-Induced Secondary-Electron Emission (IISEE) pro-
cess from the photocathode, which is the subject of the
present work.
Visible sensitive GPMs comprise a photocathode (PC)
coupled to a gaseous electron multiplier; the latter is
preferably a cascade of hole-multipliers [1], e.g. Gas
Electron Multiplier (GEM [5]) and Microhole and Strips
Plate (MHSP [6]) elements; such cascaded multipliers are
opaque to gas-avalanche-photons, thus preventing sec-
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ondary photoemission from the photocathode. The yet
unsolved and most difficult issue, preventing high-gain
operation of such devices, is the flow of avalanche ions
from the amplification region to the PC [moerman:tes].
Impinging on the PC surface, these ions have a non neg-
ligible probability of releasing secondary electrons, which
in turn initiate secondary avalanches known as ion feed-
back; the latter limits the detector’s gain by diverging
into discharges [7].
The secondary electron emission into gas differs from
that in vacuum as the electrons emitted from the PC
are subject to back-scattering from gas molecules; the
value of ion-induced secondary-electron emission (IISEE)
coefficient in the gas media is lower than that in vacuum.
The effect depends on the gas type, due to difference
in the scattering cross-sections for various gases. The
backscattering effect is smaller in gases with a complex
molecular structure; e.g. it is very strong in atomic gases
but is rather weak in organic compound gases.
The same backscattering effect is responsible for af-
fecting the quantum efficiency (photoelectron emission)
in the gas to be smaller than that in vacuum. It should
be noted, however, that because photoelectrons and ion-
induced secondary electrons do not have the same energy,
the corresponding backscattering effect may differ in size.
In GPMs, it is essential to maintain the two contradict-
ing conditions: to allow for the highest possible quantum
efficiency, while at the same time to reduce to minimum
the ion feedback probability. For that purpose it is de-
sirable to decrease the back-flow of avalanche ions to a
level which, together with the given IISEE probability,
will not cause gain divergence to discharge. Extensive
studies were carried out on ion back-flow reduction in
cascaded electron multipliers; they have been reported
2elsewhere [8, 9, 10, 11]. These studies showed that, with
an appropriate choice of the cascade elements and their
operation conditions, the ion backflow (IBF) fraction can
be as small as 3 · 10−4, namely the number of ions back-
flowing to the photocathode could be reduced down to
about 30 for a total number of 105 avalanche ions [11];
this constitutes a record in ion blocking in gaseous de-
tectors. On the other hand, the IISEE probability from
bi-alkali PCs has not been reported yet. Its value is im-
portant for estimating the maximum attainable multipli-
cation factors or, alternatively the IBF fraction required
for stable operation of gaseous GPMs.
In this work we investigated the IISEE from K-Cs-
Sb, Na-K-Sb and Cs-Sb PCs, both experimentally and
theoretically. Measurements were carried out with PCs
coupled to a double gaseous electron multiplier (double-
GEM). The ion-induced secondary emission probabilities
were deduced from the experimental gain- curves’ shapes
of the multiplier. The experimental data were validated
by a theoretical model for ion-induced secondary electron
emission from solids.
II. EXPERIMENTAL SETUP AND METHODS
The GPM assembled for the IISEE studies comprised
a double-GEM cascaded multiplier coupled to different
visible-sensitive semitransparent PCs; the latter, bi- or
mono-alkali ones, were vacuum deposited in a dedicated
UHV system [4, 7, 12] on a glass substrate (Fig. 1). The
GEM electrodes, of 28x28 mm2 effective area, were pro-
duced at the CERN printed circuit workshop, from 50 µm
thick Kapton foil with 5 µm Au-coated copper cladding
on both faces; the holes were double-conical of 70/50 µm
(outer/inner) diameter, arranged in a hexagonal pattern
with a pitch of 140 µm. All the components of the mul-
tiplier were UHV-compatible, including the GEM elec-
trodes; the latter are known to be compatible with bi-
alkali PCs [4]. The GEM electrodes were mounted on 1
mm spaced ceramic frames.
The assembled multiplier was mounted in a UHV sys-
tem, dedicated to preparation and studies of visible-
sensitive PCs in vacuum and in gas media; the system
comprises three chambers, in which PCs are prepared and
characterized under different conditions. The system and
the methodology of PC preparation and characterization
with gas electron multipliers is described in [4, 7, 12].
There is an option of sealing assembled GPMs [7], which
was not used in this study. The system maintains a base
vacuum of ∼ 10−10 mbar.
Following the introduction of the multiplier into the de-
tector’s chamber, the entire system was baked at 1500C
for 5 days in high vacuum. The PC was deposited and
characterized under vacuum in the preparation chamber;
next, both the preparation and detector’s chambers were
filled, through a purifier, with Ar/CH4 (95/5) gas mix-
ture to a pressure of 700 mbar. The PC was then trans-
ferred in-situ and placed in the detector’s chamber, 8 mm
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FIG. 1: Schematic view of a double-GEM GPM with a semi-
transparent photocathode. Photoelectrons are extracted from
the photocathode into the gas, they are focused into the holes
of GEM1, multiplied and transferred into GEM2 holes for fur-
ther multiplication. The avalanche ions (their possible paths
are depicted by dotted arrows), in turn, drift back following
the same electric field lines. The majority of ions are captured
by the GEM electrodes and only a fraction reaches the PC.
The GPM’s gain and ion back-flow are established by record-
ing currents at the anode (interconnected with the GEM2
bottom) and at the PC.
above the multiplier, to constitute a GPM.
The GPM was irradiated continuously with a UV-LED
(NSHU590A, Nishia Corp., 375nm peak wavelength) fo-
cused onto the PC by means of a small lens through a
quartz window. The detector and the electric scheme
are shown in Fig. 1. Photoelectrons were transported
into GEM1 holes under a drift field Edrift; following a
gas-multiplication process in the holes, avalanche elec-
trons were transferred under a transfer field, Etans, into
the second multiplier GEM2, for further multiplication;
charges induced by the two-stage multiplication were col-
lected on an anode, interconnected with the ”bottom”
face of GEM2 to assure full charge collection. The GEM
electrodes were biased independently with HV power
supplies of type CAEN N471A; the PC was kept at
ground potential. The current after multiplication was
recorded on the biased bottom GEM2/anode electrode as
a voltage-drop on a 40 MΩ resistor, with a Fluke 175 volt-
meter of 10 MΩ internal impedance (Fig. 1). The com-
bined resistance was 8 MΩ, from which the anode current
was calculated. The avalanche-induced currents were al-
ways kept well below 100 nA by attenuating the UV-LED
photon flux, to avoid charging-up effects. The currents
on grounded electrodes were recorded with a Keithley
485 picoamperemeter. The multiplication (gain) curves
of the GPM were deduced from the ratio of the anode
current (IA) to the photocurrent emitted, without mul-
tiplication, from the PC (IPC0). The avalanche-induced
IBF fraction is defined as a ratio of the anode current IA
to the avalanche ion-induced current at the PC IPC (see
Fig. 1).
3III. THEORETICAL EVALUATION OF THE
ION-INDUCED SECONDARY EMISSION
EFFECTS
A. Estimation of the secondary emission coefficient
In ionized gas mixtures, an effective process of charge
exchange takes place, substituting ions of high ioniza-
tion potentials, as they drift towards the PC, by ions
with lower ionization potentials. As mentioned in [13], it
takes between 100 and 1000 collisions for an ion to trans-
fer its charge to a molecule having a lower ionization
potential. Since the mean-free-path λ for ion collisions
with gas molecules is of the order of 10−5 cm at room
temperature and atmospheric pressure [13], one can as-
sume that after a drift length of 10−3 · p−1 to 10−2 · p−1
cm, (where p is the fraction of molecules with the lowest
ionization potential in the mixture), the charge-exchange
mechanism will leave only one species of ions drifting in
the gas. In Ar/CH4 (95/5) mixture used in this work, the
distances for complete charge exchange are between 0.2
and 2 mm; they are therefore several times smaller then
the 8 mm drift gap kept between the PC and the multi-
plier. The effective charge exchange in Ar/CH4 was also
confirmed experimentally in [7], through the similarity
of ion-induced secondary emission coefficients measured
from K-Cs-Sb PC into CH4 and Ar/CH4. Hereafter in
the calculations we will consider only CH4 ions. In typi-
cal operating conditions of GPMs the electric field at the
PC surface (Edrift) is 0.2-1 kV/cm [14]. Under these con-
ditions, and due to collisions in the gas, the back-flowing
ions have rather low kinetic energy (below 1 eV), which
is too small for kinetic induction of secondary-electron
emission [15, 16].
The most favorable ion-induced electron emission pro-
cess is the Auger neutralization process, as discussed in
[17]. The theory of Auger neutralization of noble gas
ions at semiconductor surfaces was thoroughly described
in [17, 18] Therefore, we shall focus here only on the main
aspects of this phenomenon; all notations used below are
those of [17]. In the vicinity of the PC surface, an ion
induces polarization of the PC material, which can be
formulated as an image charge. Due to the interaction of
the ion with the image charge, the ionization potential of
the ion shifts by
∆Ei = −
(κ− 1) · e2
(κ+ 1) · 4 · s
(1)
where κ is the dielectric constant of the PC material, s
is the distance between the ion and PC surface, e is the
electron charge. The resulting effective ionization poten-
tial is given by E
′
i = Ei−∆Ei , where Ei is the free space
ionization potential (e.g. 12.6 eV for methane). As an
ion with effective ionization potential E
′
i approaches the
surface of the PC, the probability to get neutralized by
an electron from the valence band of the PC increases
up to a maximum at a distance sm from the PC surface
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FIG. 2: Energy-level diagram of the Auger neutralization pro-
cess. Two sets of transitions are shown (1+2 and 1’+2’), to
delineate the energy range in which the process is possible.
The energies indicated on the left side of the drawing are in-
side the solid (e.g. bi-alkali PC) with zero at the bottom of
the valence band; those on the right side of the drawing are
outside the solid with zero level corresponding to vacuum level
or to the energy of free electron at rest at an infinite distance
from both ion and solid.
[17]. The distance sm can be approximated as the av-
erage of the nearest-neighbor distance, ann, in the semi-
conductor (PC) and the molecular diameter of the gas
(e.g. methane) molecule, dgas:
sm =
ann + dgas
2
(2)
The values of the parameters κ, ann, sm for some PC
materials used in our calculations are listed in Table II;
the molecular diameter of methane is assumed to be 3.8
A˚ [19]. The energy diagram of the electron transitions
in the Auger neutralization process is depicted in Fig. 2,
with the notations listed in Table I. The energies inside
the solid are indicated on the left side of the diagram;
those outside the solid are shown on its right side. The
valence band extends from zero to εv; the conduction
band minimum is at εc; the bands are separated by a gap
of εc−εv; the vacuum level is at ε0. Two electrons in the
valence band, with initial energies ε
′
and ε
′′
, are involved
in the Auger transition: one electron will neutralize the
ion and occupy the vacant ground level of the ion; the
other electron will be excited by the released energy and
will jump to an energy state εk in the conduction band.
If it surmounts the surface barrier ε0, it becomes an ion-
induced secondary electron with an energy Ek = εk − ε0.
Fig. 2 depicts two possible processes of this type, 1+2
and 1’+2’.
Energy conservation requires:
ε
′
+ ε
′′
= 2 · ε = εk + ε0 − Ek = Ek + 2 · ε0 − E
′
i (3)
4Notation Meaning
E
′
i effective ionization energy at a distance sm from the PC surface
ε
′
, ε
′′
initial energies in valence band of electrons of electrons participating in Auger neutralization
εv valence band maximum energy
εc conduction band minimum energy
ε0 vacuum level energy
εk energy of the excited Auger electron inside the PC
Ek = εk − ε0 kinetic energy of the excited Auger electron outside the PC
TABLE I: Notations used in the text and in Fig. 2
PC type ann sm κ εv εc − εv ε0 − εv
(A˚) (A˚) (eV) (eV) (eV)
K-Cs-Sb 3.73a 3.76 9b 1.27a 1c 1.1c
Na-K-Sb 3.35d 3.57 4.66e 2.34d 1c 1c
Cs-Sb 3.95f 3.88 3.24c 1.31g 1.6c 0.45c
TABLE II: Parameters used in theoretical calculations for K-
Cs-Sb, Na-K-Sb and Cs-Sb photocathodes
afrom Ref. [20]
bfrom Ref. [21]
cfrom Ref. [22]
dfrom Ref. [23]
efrom Ref. [24]
ffrom Ref. [25]
gfrom Ref. [26]
and by definition εk = Ek + ε0. The maximal (Ek)max
and minimal (Ek)min kinetic energy of the excited elec-
tron may now be evaluated from equation 3. The max-
imal kinetic energy is reached when ε = εv; it is given
by:
(εk)max = E
′
i − ε0 + 2 · εv, or
(Ek)max = E
′
i − 2 · (ε0 − εv) (4)
The minimum of the kinetic energy is reached when ε =
0; it is given by:
(εk)min = E
′
i − ε0 for E
′
i − ε0 > εc;
(εk)min = εc for E
′
i − ε0 ≤ εc, and
(Ek)min = E
′
i − 2 · ε0 for E
′
i − ε0 > εc;
(Ek)min = 0 for E
′
i − ε0 ≤ εc (5)
To calculate the secondary emission coefficient we used
the electronic state density function Nv(ε) in the valence
band, which is assumed to be entirely filled. The valence-
band state density functions Nv(ε) for K-Cs-Sb, Na-K-
Sb and Cs-Sb bi-alkali compounds respectively, were cal-
culated in [20, 23, 26] and are schematically depicted
in Fig. 3. The energy distribution function Ni(εk) of
Auger excited electrons inside the PC is proportional to
the product of Nc(ε), the state density function in empty
conduction band, times an Auger transform T (ε), which
represents the probability to have two electrons in the
valence band that can be involved in the process. The
latter is thus the integral over the product of state den-
sities Nv(ε
′
) · Nv(ε
′′
) in the regions dε
′
and dε
′′
at all
pairs of energies ε
′
and ε
′′
which are both located at a
distance ∆ from ε in the valence band (Fig. 2). With a
substitution: ε
′
= ε−∆, ε
′′
= ε+∆ the Auger transform
is then given by:
T (ε) =
∞∫
0
Nv(ε−∆) ·Nv(ε+∆) · d∆ (6)
Though the integration limit goes to infinity, the inte-
gration actually stops when either ε − ∆ or ε + ∆ is
out of the valence band’s boundaries. The state density
function Nc(ε) in the conduction band is assumed to be
proportional to the free electron state density function,
(εk − εc)
1/2, for εk > εc; it is zero for εk ≤ εc. Thus, the
expression for the energy distribution of Auger excited
electrons inside the PC may be written as:
Ni(εk) = K ·Nc(εk) · T (
εk + ε0 − E
′
i
2
), (7)
where K is a proportionality constant and ε =
εk+ε0−E
′
i
2
is taken from equation 3. K can be evaluated from the
normalization of the distribution Ni(εk) to an integral of
one electron per Auger neutralized ion:
∞∫
εc
Ni(εk) = 1 (8)
The shape of Ni(εk) for K-Cs-Sb, Na-K-Sb and Cs-Sb
PCs is shown Fig. 3.
We proceed with a calculation of energy distribution
N0(εk) of electrons which leave the PC surface. This
calculation requires knowledge about the probability for
an excited electron inside the PC to surmount the surface
barrier and about the anisotropy of the electron angular
distribution inside the PC. The escape probability as a
function of kinetic energy is defined as follows [17]:
Pe(εk) =
1
2
·
1− (ε0/εk)
1/2
1− α · (ε0/εk)1/2
, εk > ε0
= 0, εk < ε0 (9)
where ε0 is the height of the surface barrier and the coeffi-
cient α reflects the anisotropy of the angular distribution
5for exited electrons. Hagstrum [17] has determined α to
be 0.956 by fitting the theoretical model and experimen-
tal data for the case of helium ions neutralized at a Ge
surface. The same anisotropy parameters were used by
Hagstrum for Ne and Ar ions interacting with either Ge
or Si surfaces, thus we use the same value in the following
calculations. The escape probability Pe(εk) is plotted in
Fig. 3 for all PC types used in the calculations.
The energy distribution of electrons which escape the
PC bulk N0(εk) is equal to the product of the energy dis-
tribution of Auger excited electrons inside the PC Ni(εk)
and the probability Pe(εk) to surmount the surface bar-
rier of hight ε0:
N0(εk) = Ni(εk) · Pe(εk). (10)
The shape of N0(εk) for K-Cs-Sb, Na-K-Sb and Cs-Sb
PCs is shown in Fig. 3.
Finally, the secondary emission probability is ex-
pressed as an integral of N0(εk) over kinetic energies:
γ+ =
∞∫
ε0
N0(εk) · dεk =
∞∫
0
N0(Ek) · dEk, (11)
where Ek = εk − ε0 is the kinetic energy of electrons as
they leave the PC.
Thus, we are able to calculate N0(εk) and γ+ as a func-
tion of the effective ionization potential of the incident
ion, the electronic state density function Nv(ε) in the va-
lence band and the energy-band parameters εv, εc and
ε0 of the semiconductor (see table II).
Clearly, the secondary emission coefficient calculated
above is referred to vacuum environment. For PC op-
eration in gas media, the measured secondary emission
coefficient will be different, due to the scattering of the
Auger electrons by gas molecules back to the PC [7, 14].
We denote the ion-induced secondary emission coefficient
in a gas media as γeff+ ; it is given by:
γeff+ = γ+ · εextr (12)
where εextr is the fraction of secondary Auger electrons
which were not backscattered. Thompson equation [27,
28] estimates the fraction εextr as
εextr =
4 · vd
vae + 4 · vd
(13)
where vd is the electron drift velocity in the gas (vd =
2.34 · 104 m/s [29] in Ar/CH4 (95/5) gas mixture for
273K and 700 Torr at an electric field of 0.5 kV/cm)
and vae is the mean velocity of secondary Auger elec-
trons emitted from the PC. This expression provides a
fair estimate if the average kinetic energy of the emitted
electrons is higher than the average equilibrium kinetic
energy of electrons in the gas [27, 30]. In the case of
Ar/CH4 (95/5) at 700 Torr and drift field of 0.5kV/cm,
the average equilibrium kinetic energy for electrons is
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FIG. 3: Plots of density of states Nv(ε) in the valance band
of the semiconductor, kinetic energy distributions Ni(εk) for
Auger electrons inside the semiconductor, probability to sur-
mount the vacuum barrier Pe(εk) for Auger electrons as a
function of their energies and energy distribution of Auger
electrons that escape from the semiconductor N0(εk). The
upper scale indicates kinetic energies of Auger electrons out-
side the semiconductor Ek = εk − ε0. The plots are shown
for: a) K-Cs-Sb, b) Na-K-Sb and c) Cs-Sb semiconductor ma-
terials.
about 2 eV [31] which is smaller than the average ki-
netic energy of Auger electrons for the PCs investigated
(Fig. 3); therefore equation 13 is valid and should pro-
vide a good estimate for εextr. The average velocity of the
emitted Auger electrons was evaluated from the N0(εk)
energy distributions: first the average kinetic energy Ek
6PC type E
′
i [eV ] γ+ εextr γ
eff
+
K-Cs-Sb 11.83 0.471 0.0583 0.0274
Na-K-Sb 11.95 0.491 0.0614 0.030
Cs-Sb 12.11 0.472 0.0572 0.0270
TABLE III: Calculated E
′
i , γ+, εextr and γ
eff
+ values for K-
Cs-Sb, Na-K-Sb and Cs-Sb photocathodes.
was calculated by the equation
Ek =
∞∫
0
N0(Ek) ·Ek · dEk/
∞∫
0
N0(Ek) · dEk ;
the mean velocity is then given by:
vae =
√
2 · Ek
me
(14)
where me is the electron mass. The calculated average
velocities for Auger electrons are: 1, 51·106 m/s for K-Cs-
Sb, 1, 43 · 106 for Na-K-Sb and 1, 54 · 106 m/s for Cs-Sb.
The calculated values of εextr and γ
eff
+ for K-Cs-Sb, Na-
K-Sb and Cs-Sb PCs are listed in Table III.
The calculated values εextr (Table III) indicates that
about 94% of Auger electrons are scattered back to the
PC in Ar/CH4 (95/5) at 700 mbar and 0.5kV/cm.
Equation 13 is not applicable for the photoelectron
case as their average kinetic energies are approximately
between 0.7 eV and 1.2 eV [32], a range which is lower
than the average equilibrium kinetic energy (∼2 eV) of
electrons in the gas at the conditions mentioned above.
Data on the backscattering probability of photoelectrons
in various gases may be found in [14, 33, 34].
B. Estimation of IISEE effects in visible-sensitive
GPMs
The contribution of IISEE to the anode current
recorded in a GPM can be estimated from the electron
multiplication and the secondary electron emission. We
assume that the PC is illuminated with a constant light
flux. The average multiplication coefficient (gain) is de-
noted by G and the fraction of avalanche-induced ions
flowing back to the PC is denoted by IBF ; both are
characteristics of the multiplier’s structure and operation
voltages. The light induces a photo-current I0 at the PC,
which, assuming full photoelectron collection to the mul-
tiplier (usually the case in GEM multipliers), yields after
multiplication a current equal to IG0 = I0 ·G at the an-
ode (see Fig. 4). The current of back-flowing ions reach-
ing the PC, which are produced by these avalanches, is
Ii1 = I0 ·G · IBF . These ions impinging on the PC sur-
face have a probability γ+ to produce secondary Auger
electrons; a fraction εextr of them will be emitted from
the PC and initiate, after multiplication, a secondary-
electron anode current IG1 = I0 · G
2 · IBF · γ+ · εextr.
readout anode
G, IBF
I +I +G0 G1 I +...+I +...G2 Gk
PC
photon flux
I +i1 I +...+I +...i2 ik
I +I +0 1 I +...+I +...2 kPC current
Ion back-flow current
Anode current
FIG. 4: Operation of a visible sensitive GPM: a gaseous mul-
tiplier characterized by a multiplication factor G and a frac-
tion of avalanche ions reaching the PC (IBF ) is coupled to
a visible sensitive PC. The PC is constantly illuminated by a
light source inducing a primary photoelectron current I0; as
the photoelectrons are multiplied in the multiplier, a current
IG0 is read at the readout anode while the primary current of
avalanche ions Ii1 is read at the PC.
This, in turn, induces a second generation of back-
drifting ions, further Auger-electrons production at the
PC, etc.; the process results in a decreasing geometric
series of currents (IG1 = I0 · G
2 · IBF 2 · γ+ · εextr ,
IG3 = I0 ·G
3 · (IBF · γ+ · εextr)
2, and so on (see Fig. 4).
A condition: IBF · γ+ · εextr ·G < 1 is required to avoid
the series divergence. The k-th contribution of the IISEE
can be formulated as IGk = I0 ·G
k+1 · (IBF ·γ+ · εextr)
k.
The total anode current equals to the sum of all contri-
butions, given by:
IA = IG0 + IG1 + IG2... =
∞∑
k=1
IGk =
= I0 ·G ·
∞∑
k=1
(G · IBF · γ+ · εextr)
k (15)
which may be also written as:
IA = I0 ·G ·
∞∑
k=1
(G · IBF · γ+ · εextr)
k =
= I0 ·
G
1−G · IBF · γ+ · εextr
, (16)
or, in terms of gain,
Gmeas =
G
1−G · IBF · γ+ · εextr
, (17)
where the measured gain, Gmeas is the ratio of the mea-
sured anode current IA to the primary photocurrent I0
(Fig. 1 and Fig. 4), and I0 is the multiplier’s gain in the
absence of ion feedback. To remind, IBF, the fraction of
7avalanche ions reaching the PC, is measured by the ratio
of the PC current IPC under avalanche multiplication to
the anode current IA (Fig. 1 and Fig. 4).
C. Experimental determination of the IISEE effects
The effective probability of IISEE defined above, γeff+ ,
can be extracted from the measured gain with IISEE,
Gmeas, if G (measured gain without IISEE) and IBF are
known. Normally, G is an exponential curve, and the
IISEE will be manifested as a deviation from this expo-
nent (equation 17). As an example, Fig. 5 shows a gain
curve obtained with a double-GEM coupled to a semi-
transparent K-Cs-Sb PC, as function of ∆VGEM (Fig. 1).
Up to ∆VGEM = 280 V the gain increases exponentially
and above 300V it diverges. At this point the quantity
G · IBF · γ+ · εextr in equation equation 17 approaches
unity, leading to detector’s break-down. For comparison,
a second gain curve (dashed line) is plotted in Fig. 5, ob-
tained with the same detector under the same operation
conditions, but coupled to a semi-transparent CsI PC;
the parameter G as a function of ∆VGEM can be derived
from this curve. As IISEE in CsI is negligible, due to a
very wide band-gap of about 6 eV, the gain curve grows
exponentially even at the highest operation potentials.
The IBF as a function of GEM voltage was measured in
the same detector (geometry, gas and voltages), with a
CsI PC, and was plotted in Fig. 6 as function of ∆VGEM .
The data points in Fig. 6 were fitted with an exponential
function, which seems to appropriately describe the de-
pendence of IBF on the GEM voltage. With the known
dependence of IBF and G (properties of the multiplier
that are independent of the PC) on the GEM voltage
∆VGEM , the parameter could be derived (using equation
17) from the gain-voltage curve of the same multiplier
coupled to a visible-sensitive PC. This procedure, how-
ever, has a large uncertainty; namely, an inaccuracy in
adjustment of the total gain, which was very sensitive to
small voltage deviations, resulting in ∼30% error in γeff+ .
The gain-voltage curves were measured for several sam-
ples of various visible-sensitive PCs: eight K-Cs-Sb sam-
ples, six Na-K-Sb samples and three Cs-Sb PCs. As the
emission properties of a given PC type varied from sam-
ple to sample, we could establish a significant data base
of γeff+ - values as function of the QE. The correlation is
shown in Fig. 7. As one can see, γeff+ increases with QE,
reaching a value of about 0.03 electrons/ion for the most
efficient PCs; its value is independent of the PC type.
IV. DISCUSSION
Experimental and theoretical approaches were under-
taken to estimate the probability of ion-induced sec-
ondary electron emission in a gas medium; the re-
search work is within our ongoing efforts to develop gas-
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FIG. 5: Gain-voltage characteristics measured in the GPM of
Fig. 1 (see conditions in the figure, QE refers to vacuum) with
CsI (dashed line) and K-Cs-Sb (open circles) photocathodes.
The divergence from exponential with K-Cs-Sb is due to ion-
induced secondary electron emission. The solid line is a fit to
the experimental data points using equation 17.
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FIG. 6: Ion back-flow fraction (IBF ) as a function of GEM
voltage for the double-GEM multiplier shown in Fig. 1, mea-
sured in 700 Torr of Ar/CH4 (95/5). The solid line is a fit to
the data points.
avalanche photomultipliers sensitive to single photons in
the visible spectral range.
A simple theoretical model was adopted for calculat-
ing the ion-induced secondary emission coefficient γeff+
from bi- and mono-alkali photocathodes. We assumed
the Auger neutralization process as the main mechanism
for the secondary electron emission and used basic prop-
erties of semiconductors to evaluate the emission proba-
bility. The input parameters for the calculation were the
effective ionization potential E
′
i of the incident ion, the
density of states in the valence band and the energy-band
parameters εv, εc and ε0 of the semiconductor (the PC).
γ+ was calculated to be 0.47, 0.49 and 0.47 for K-Cs-Sb,
Na-K-Sb and Cs-Sb PCs, correspondingly. The calcu-
lated values of γ+ are quite similar for the three PCs,
which can be explained by the similarity of their energy-
band parameters. The bi- and mono-alkali PC materials
used here have a very narrow valence band (1-2 eV) as
compared to the effective ionization energy of methane
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FIG. 7: Measured effective probability of the ion-induced
secondary electron emission coefficient for K-Cs-Sb, Na-K-
Sb and Cs-Sb PCs as a function of their quantum efficiency
values (QEs).
ions (∼12 eV). This leads to narrow (2-4 eV) energy dis-
tributions of the Auger electrons (Fig. 3), peaking at a
rather high energy of about 6 eV (top scale of Fig. 3) the
energies of Auger electrons are in a range from 4 eV to 8
eV.
The effective secondary emission coefficient γeff+ ,
namely the one corrected for the backscattering, in
Ar/CH4 (95/5) at 700 mbar and field 0.5 kV/cm was
calculated from the theoretical model to be 0.027 for Cs-
Sb and K-Cs-Sb PCs and 0.03 for Na-K-Sb PC.
A simple method for experimental extraction of γeff+
from measured voltage-gain curves was introduced. It is
based on recording and comparing avalanche currents on
the PC and anode of a double-GEM multiplier coupled
to CsI and visible-sensitive PCs, under the same oper-
ation conditions. CsI, with no ion feedback, provided
the multiplication factor and the ion back-flow fraction,
while the visible-sensitive PCs provided the effective sec-
ondary emission coefficient into gas, γeff+ , derived from a
fit of the gain-voltage curve through equation 17. γeff+ in
Ar/CH4 (95/5) at 700 Torr were between 0.02 and 0.03
Auger electrons per incident ion for Na-K-Sb, K-Cs-Sb
and Cs-Sb photocathodes; it is in good agreement with
our theoretical estimations, despite the fact that the ex-
perimental PC surfaces were most probably not perfect
ones from the point of view of stoichiometry [35], defects
and traps. For all three PCs investigated, γeff+ increased
with the PC’s QE, regardless of the PC type. It is there-
fore reasonable to believe that the theoretical calculations
yielded a reasonable estimate of γeff+ only for the highest
QE-values.
Based on our γeff+ - values, we can analyze the re-
quirements on any type of gaseous multiplier used in
combination with a visible-sensitive PC (in the present
gas); other gases would require the calculation of the
electron backscattering coefficients. In particular the ion
back-flow fraction and gain permitting stable continuous-
mode operation of visible-sensitive gaseous photomulti-
pliers can be estimated, through equation 17. To avoid
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FIG. 8: Calculated dependence of the secondary emission co-
efficient in K-Cs-Sb on the effective ionization energy.
avalanche divergence into a spark it should fulfill the con-
dition: G · IBF · γ+ · εextr < 1. Thus, a gain of 10
5 (e.g.
required for high single-photon sensitivity in GPMs) and
γeff+ =0.03 imply IBF < 3, 3 · 10
−4.
Further reduction of the IISEE coefficient, γ+, for these
bi- and mono-alkali photocathodes, could only be envis-
aged by using other gases, with lower effective ionization
energy than Ar/CH4 (95/5). As an illustration, the de-
pendence of γ+ for K-Cs-Sb on the effective ionization
energy of the ion was calculated using the above model,
and is presented in Fig. 8. A two-fold reduction of γ+,
as compared to the value of 0.47 calculated for methane
ions, would require a gas with effective ionization en-
ergy of about 6 eV. Some low ionization potential photo-
sensitive vapors like triethylamine (TEA, ionization po-
tential 7.5 eV) [36, 37], tetrakis(dimethylamine)ethylene
(TMAE, ionization potential 5.36 eV) [38] and ethyl fer-
rocene (EF, ionization potential 6.1 eV) [39] employed in
some gaseous detectors could be admixed to the GPM’s
gas filling in order to decrease the IISEE probability. For
example, EF yielded stable operation of a detector with
CsI photocathode [40]. It was shown [41] that in the
GPM filled with He/CH4 comprised of Cs-Sb PC and
a capillary plate, an addition of EF vapor to the gas
mixture slightly improved the PC’s QE and the maxi-
mal achievable gain of the device. Other gases with low
ionization potentials (∼10 eV) employed in detectors are
long-chain hydrocarbons, e.g. iso-butane. The ions of
such gases have a high probability for dissociation, cre-
ating free radicals; they are known to induce aging in
gas avalanche detectors. The photocathodes may suffer
from enhanced chemical aging when operated in such an
environment.
A further reduction of the effective secondary emis-
sion coefficient γeff+ = γ+ · εextr, (the fraction of Auger
electrons that surmounted the backscattering with gas
molecules) may be obtained by increasing the Auger elec-
trons’ backscattering, while keeping it low for photoelec-
trons. Due to the significant difference in the energy
spectrum of Auger- and photo-electrons, it might be pos-
sible to choose a gas that complies to this requirement,
9as indicated in Fig. 9.
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FIG. 9: a) Elastic scattering cross-sections for argon. The
photoelectron’s energies are in the Ramsauer minimum of the
elastic cross-section curves, while the Auger electrons ener-
gies correspond to rather high cross-sections. b) Elastic and
inelastic cross-sections for methane. The photoelectron Ephek
and Auger electron Eaek energy spreads are shown. The ratio
of elastic/inelastic cross-sections is much smaller for photo-
electrons than that for Auger electrons. The plots were taken
from an open cross-section database at [42].
In the corresponding kinetic energy range between 4 eV
and 8 eV, the fraction of Auger electrons which scattered
back to the PC following collisions with gas molecules
was estimated with the model to be rather high, about
∼94% in Ar/CH4 (95/5) at 700 Torr, under a drift field of
0.5kV/cm; for comparison, the photoelectrons (induced
by UV-to-visible light photons in the range between 2.2
eV and 4 eV) backscattering in the same conditions was
measured to be in a range between 60% and 20% for K-
Cs-Sb PC (Fig. 10). The large difference in backscatter-
ing for Auger electrons and photoelectrons is apparently
due to the difference in their initial kinetic energies. The
kinetic energy distributions for photoelectrons originated
from K-Cs-Sb by visible-range photons (2.1 eV to 3.1 eV)
are peaked between 0.7 eV and 1.2 eV, extending from
0.2 to 1.7 eV [32]; the distributions for Na-K-Sb and Cs-
Sb are assumed to be essentially similar. The Auger elec-
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FIG. 10: A typical plot of QE as a function of photon energy
for a K-Cs-Sb PC, measured in vacuum and in 700 Torr of
Ar/CH4 (95/5) with a drift field of 500V/cm. The fraction
εextr of photoelectrons surmounted backscattering in the gas
as a function of wavelength is also shown (circles).
trons induced by ions are more energetic according to our
calculations and their energies extend between 4 and 8 eV
(see Fig. 3). On the other hand, the electron scattering
cross-sections for argon and methane are functions of the
electron’s kinetic energy; they are depicted in Fig. 9a and
Fig. 9b. For noble gases, higher backscattering is related
to higher elastic scattering cross-section (and to smaller
energy loss in elastic collisions, when going from light to
heavy gas); for more complex molecules, the backscatter-
ing behaves as the ratio of elastic-to-inelastic scattering,
vibrational excitation collisions playing an important role
in cooling down the energy of the photoelectrons in the
gas [33, 43, 44].
In the energy range between 4 and 8 eV (Auger
electrons) either the elastic scattering cross-sections
(argon) or the ratios of elastic-to-inelastic scattering
cross-sections (methane) are rather large and so is the
backscattering; photoelectrons of energies ranging be-
tween 0.2 and 1.7 eV fall into the region of Ramsauer
minimum of elastic cross-sections for argon; in methane
there is also a Ramsauer minimum at about the same
energy as in argon, in the vicinity of which the ratio of
elastic/inelastic cross-sections is small; the correspond-
ing back-scattering is several times smaller than that for
Auger electrons.
Choosing a GPM’s operating gas in which backscat-
tering is high for Auger electrons and low for photoelec-
trons will result in good photoelectron extraction (high
effective QE) and reduced probability of ion-induced sec-
ondary effects. This point to a choice of gases with pro-
nounced Ramsauer minimum located close to the energy
range of photoelectrons induced by visible light photons.
Examples are heavy noble gases, namely Xe, Kr, Ar and
methane. A gas mixture of Ar and CH4 exhibiting this
property, was used in the present work.
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